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Outline 

•! Motivation 
–!Little mixing angle 13 

–!Difference between accelerator and reactor 
experiments 

•! Double Chooz Experiment:  
–! Detector: site, description, construction  
–! Far Detector only analysis 
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Neutrinos Oscillate! 

Neutrinos have mass 

New phenomenology to explore in standard  model 

C. Mariani, Columbia University!BNL, Particle Seminar!
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Oscillations Parameterized by 3x3 
Unitary Mixing Matrix 
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( ) ( )If 0, then have CP violation    eeP P µµ! " " " "# $ % # %

2 2 2 2 2 2 2 2 2
12 1 2 23 2 3 31 3 1Three mass splittings:    , ,

But only two are independent since only three masses
m m m m m m m m m! = " ! = " ! = "
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Neutrino Mixing Matrix: what we know 
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Solar: !12 ~ 33°" Atmospheric: !23  ~ 45° Little mixing angle, !13<11° #

sin2 2!13 < 0.15 at 90% CL"
(CHOOZ limit)"

Current Measurements:   2 5 2 2 2 3 2
12 13 238 10  eV   ,  2.5 10  eVm m m! !" = # " $ " = #

solar atmospheric 
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•! Long-Baseline Accelerators: Appearance ("µ#"e) at $m2%2.4&10-3 eV2   
–! Look for appearance of "e in a quite pure "µ beam vs. L and E 

•! Use near detector to measure background "e's (beam and misid) 
 

T2K:  
<E"> = 0.7 GeV 
L = 295 km 

•! Reactors: Disappearance ("e#"e) at $m2%2.4&10-3 eV2 

–! Look for a change in "e flux as a function of L and E 
•! Use near detector to measure the un-oscillated flux 
•! Look for a non- 1/r2 behavior of the anti-"e rate 
  

Experimental Methods to Measure the 
Little Mixing Angle , !13  

NO"A:  
<E"> = 2.3 GeV 
L = 810 km  

Double Chooz:  
<E"> = 3.5 MeV 
L = 1050 m 

MINOS 
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•! Oscillation probability complicated and dependent not only on !13 but also: 
1.! CP violation  

parameter (') 
2.! Mass hierarchy  

(sign of $m31
2) 

3.! Size of sin2!23(

Long-Baseline Accelerator Appearance Experiments 

Reactor Disappearance Experiments 

•! Reactor disappearance measurements provide a straight forward method to measure !13 
with no dependence on matter effects and CP violation 

2
2 2 13

13( ) 1 sin 2 sin  
4e e
m LP small terms

E
! ! "

#
$ = % +

!!  These extra dependencies are both a curse  and a blessing  

Oscillation  probability 
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Indication  of nonzero !13 from 
accelerator experiments    

C. Mariani, Columbia University!BNL, Particle Seminar!



Reactor oscillation  P("e# "e) 
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Reactor Oscillation Experiment 
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Reactor Oscillation Experiment 
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Or with just a far detector: compare flux prediction to measured rate 
CHOOZ and Double Chooz first results 
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RReeaaccttoorr  OOsscciillllaattiioonn  EExxppeerriimmeennttss  

PP==99..44GGWWtthh//22  
LL==11..0055((00..44))kkmm  

((~~22001111--))  

PP==1111..66GGWWtthh//44  
        1177..44GGWWtthh//66((22001111~~))  

LL~~11..88kkmm  
((~~22001122--))  

PP==1166..11GGWWtthh//66  
  LL~~11..44kkmm  
((~~22001111--))  
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•! Detector: site, description, construction 
•! Far Detector only analysis  
•! Predicted Neutrino Rate 
•! Reactor systematics 

•! Event selection 
•! Detector systematics 
•! Background estimation 
•! Oscillation results 
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Double Chooz Site in Ardennes, France!

Far detector!
Distance: 1050 m!

Overburden: 300 m.w.e. hill topology!

Near detector!
Distance: 400 m!

Overburden: 120 m.w.e. flat topology!

C. Mariani, Columbia University!BNL, Particle Seminar!

Reactor power 2 x 4.7 GW/th 
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The Double Chooz Detector 
Outer Veto (OV) 
plastic scintillator strips 

Outer-Shielding 
250 t steel shielding (15 cm) 

Inner Veto (IV) 
90 m3 of scintillator in a steel 
vessel (10 mm) equipped with 78 
PMTs (8 inches) 

Buffer 
110 m3 of mineral oil in a steel 
vessel (3 mm) equipped with 390 
PMTs (10 inches) 

!-Catcher (GC) 
22.3 m3  scintillator in an acrylic 
vessel (12 mm) 

Target 
10.3 m3 scintillator doped with 1g/l 
of Gd compound in an acrylic 
vessel (8 mm) 

~7m 

Calibration Glove Box 

C. Mariani, Columbia University!BNL, Particle Seminar!
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PMTs 

C. Mariani, Columbia University!BNL, Particle Seminar!



FFaarr  DDeetteeccttoorr  ccoonnssttrruuccttiioonn  
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Gamma Catcher installation 

C. Mariani, Columbia University!BNL, Particle Seminar!
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Gamma Catcher in place 

C. Mariani, Columbia University!BNL, Particle Seminar!



23!

Target in place 
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33  ssuubb--vvoolluummeess  
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OOuutteerr  VVeettoo  iinnssttaallllaattiioonn  AApprr..--MMaayy  22001111  
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OOuutteerr  VVeettoo  iinn  ppllaaccee  



Far Detector Only Analysis 

•! Predicted Neutrino Rate 
•! Reactor systematics 

•! Event selection 
•! Detector systematics 
•! Background estimation 
•! Oscillation results 



BNL, Particle Seminar! C. Mariani, Columbia University! 28!

Predicted Neutrino Rate 
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Predicted Neutrino Rate 
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Predicted Neutrino Rate 

 

N"
exp(E,t) =

Np #

4$L2
%
Pth (t)
E f

% & f !=
k

kkf EtE )("

Two validated reactor codes: 
deterministic (DRAGON) and Monte-
Carlo Code (MCNP Utility for Reactor 
Evolution) 

Need to 
know 

evolution 
as 

function of 
time 
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Predicted Neutrino Rate 
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•! Th.A. Mueller et al, Phys.Rev. C83(2011) 054615. 
•! P. Huber, Phys.Rev. C84 (2011) 024617 

Complicated term, next few 
slides will try to explain it 
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Reactor Neutrinos 

C. Mariani, Columbia University!BNL, Particle Seminar!



33!

ILL " spectra 

C. Mariani, Columbia University!BNL, Particle Seminar!
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Reference " Spectra 
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Reactor Antineutrino Anomaly 

C. Mariani, Columbia University!BNL, Particle Seminar!

TThhee  flfluuxx  iiss  nnooww  hhiigghheerr  bbyy  66%%!!
AAllll  rreeaaccttoorr  nneeuuttrriinnoo  eexxppeerriimmeenntt  aarree  bbeellooww!!

Red line: sin2(2!!13) = 0.06;  Blue line: |"m2
new| >> 1 eV2, sin2(2!!new) = 0.16 
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Reference spectra + Bugey exp. 
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Use as normalization the 
experimental data from Bugey 4 
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Errors of Reactor Predictions 

C. Mariani, Columbia University!BNL, Particle Seminar!
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Far Detector Only Analysis 

•! Predicted Neutrino Rate 
•! Reactor systematics 

•! Event selection 
•! Detector systematics 
•! Background estimation 
•! Oscillation results 
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n 
"e p 

Gd 

**++ ~ 8 MeV 

511 keV 

511 keV 
e+ 

•! The reaction  process is inverse !-decay 
followed by neutron capture 
–! Two part coincidence signal is crucial for 

background reduction. 
 
 

•! Positron energy spectrum implies the 
neutrino spectrum (e+e-# ++) 

 

•! The scintillator is doped with gadolinium to 
enhance capture 

 

capturen
nepe

                     

+!"

E! = Evis + 1.8 MeV – 2me    

" threshold 1.8 MeV 

n mGd ! m+1Gd + s (8 MeV) 

Experimental Signal 

Signal = Positron signal + Neutron signal within 100 µµsec 
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Neutrino Candidate Selection 
•! Preliminary selection of neutrino candidates (i.e. neutrinos and 

background):!

-! Prompt signal within [0.7,12]MeV!

-! Delayed signal within [6,12]MeV!

-! Coincidence window between [2, 100] µs!

-! Discard all triggers in 1ms after each muon (mainly tagged by inner-veto)!

-! PMT spontaneous light emission rejection cuts (14PMT switched OFF)!

-! ensure light approx. homogeneously spread across (use ratio Qmax/Qtotal)!

-! ensure light arrives at approx. the same time (use RMS of hit-time per 
PMT)!

-! Multiplicity condition:!

»! No trigger with energy > 500keV in between prompt and delayed!

»! No trigger 100 µs before or 400 µs after the prompt (multiplicity cut) 

C. Mariani, Columbia University!BNL, Particle Seminar!
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Neutrino Candidate Selection 

C. Mariani, Columbia University!BNL, Particle Seminar!

The Gd capture energy peak is the key for Double 
Chooz: 
 
•! Selection of Neutron Capture on Gd only 
•! Allow to define the fiducial volume by the mass 

of the Gd-loaded LS 
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Neutrino Candidates: Energy & Time 
Correlations 

C. Mariani, Columbia University!BNL, Particle Seminar!
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Cross-check: Reconstructed Vertex 
Position 

Well localized in target volume without vertex cut 

C. Mariani, Columbia University!BNL, Particle Seminar!
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Cross-check: Position Correlation 

Background 

C. Mariani, Columbia University!BNL, Particle Seminar!

Backgrounds NOT subtracted 
from candidates sample 
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Cross-check: Neutrino Rate Variation 
with Reactor Power 

C. Mariani, Columbia University!BNL, Particle Seminar!

Background from fit: 
 3.3±1.3 /day 

 
Disappearance: 

 1-0.947=0.0528 
 Average oscillation for full mixing: 0.5362 

 
sin2(2!!13) 0.098±0.067 

Backgrounds NOT subtracted from candidates sample 



Far Detector Only Analysis 

•! Predicted Neutrino Rate 
•! Reactor systematics 

•! Event selection 
•! Detector systematics 
•! Background estimation 
•! Oscillation results 



47!

Trigger Efficiency 

C. Mariani, Columbia University!BNL, Particle Seminar!

!! Trigger threshold (50%     
 efficiency) : 350 keV 

!! Trigger efficiency :100% +0/
 0.4% for E>700 keV 

!! Prompt Energy Cut Efficiency : 
 > 99.9% 

  

]tenergy [MeV*
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Double Chooz preliminary 



Embedded LED 
calibration system 
385, 420, 470 nm 

Fish-line 

Articulated Arm 

Glove Box 

GC guide Tube 

Buffer guide 
Tube 

Embedded LED 
calibration system 
385, 420, 470 nm 

Calibration Systems 
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Embedded LED 
calibration system 
385, 420, 470 nm 

Fish-line 

Articulated Arm 

Glove Box 

GC guide Tube 

Embedded LED 
calibration system 
385, 420, 470 nm 
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Calibration systems cont’d 

•! Light injector (inner-detector and inner-
veto) 

•! Laser (UV and green) 

•! Sources (68Ge,37Cs, 60Co, 252Cf) 
•! In the target-volume  
•! In the gamma-catcher volume 

•! Deployment systems 
•! vertical axis 
•! (future) articulated arm 

PRELIMINARY!

C. Mariani, Columbia University!BNL, Particle Seminar!

68Ge 
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Energy Scale Uncertainties 

•! Use fit to phenomenological model to correct data/MC differences 

•! Full covariance matrix determined from event shifts from 1000 simulations 
probing parameter space allowed by fit parameters 

•! Matrix then expanded to cover any remaining data/MC differences 

C. Mariani, Columbia University!BNL, Particle Seminar!
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Spallation Neutrons 
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H@2.2 MeV Gd@8 MeV 

!! Evaluation of the (Q, Z) correction in all volumes 
!! Study of spallation neutrons in #2 = x2+y2 in slices of z 
!! Capture on Gd peak (8 MeV) 
!! Except for the extremes of the GC all is within ±2.5%. 
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!T efficiency 2<!T<100 "s#
252Cf data and MC along Z-axis#

_*WVWU0Y_Q*WVW(

Relative difference: ! 0.5% 
Averaged (Data-MC)/Data  
relative difference: ! 0.6% 
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Energy Cut Efficiency, $T efficiency  
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Gd Capture Fraction 

C. Mariani, Columbia University!BNL, Particle Seminar!

!!  Calibration with a 252Cf 
source in the central 
target region 

!! Deployment along the z-
axis (7 positions) 

!! Compute Gd/(H+Gd) 
capture rate 

!! 2% correction between 
data & MC 

!! The 6 MeV cut efficiency 
is 0.86 ± 0.006 (0.6%)  

H 
Gd 

Gd+H Gd+Gd 

H 
Gd 

Gd+H Gd+Gd 



252Cf Neutron multiplicity 
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Spill IN/OUT 
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Using different MC and Calibration data: 0.4% systematics 
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Delayed Energy cut Eff. 
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Data Taking: analyzed data 

101.5 days analyzed for this result, corresponding to a livetime of 96.7 days 

C. Mariani, Columbia University!BNL, Particle Seminar!

•! Number of data taking in days: 
 206 !

•! Average data taking efficiency 
in total: 86.2%!

•! Average data taking efficiency 
for physics: 77.5%!

•! Integrated data taking time in 
total in days: 177.4!

•! Integrated data taking time for 
physics in days: 159.6!



Far Detector Only Analysis 

•! Predicted Neutrino Rate 
•! Reactor systematics 

•! Event selection 
•! Detector systematics 
•! Background estimation 
•! Oscillation results 
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OOuutteerr  VVeettoo  &&  IInnnneerr  VVeettoo  

C. Mariani, Columbia University!BNL, Particle Seminar!
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The Backgrounds Uncorrelated 

C. Mariani, Columbia University!BNL, Particle Seminar!
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AAcccciiddeennttaall  BBaacckkggrroouunndd  

40K 

208TI 
n capture on Gd 
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Accidental Background 

Measured rate: 0.332 ± 0.004 d-1 

-! Can be computed from singles rates, or 

-! Measured using off-time window 

C. Mariani, Columbia University!BNL, Particle Seminar!



The Backgrounds Correlated 
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Lower Limit: 

9Li estimates from $t  

Fit raw "tµ to exponential (fixed at 9Li lifetime) + constant 

Upper Limit: 

Fit restricted "tµ distribution 

Only consider high energy / showering muons 

Rate: 2.3 +/- 1.2 d-1 

$-subtracted 9Li spectrum 

C. Mariani, Columbia University!BNL, Particle Seminar!
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The Backgrounds Correlated 

C. Mariani, Columbia University!BNL, Particle Seminar!



67!

Rough Separation 

Fast neutrons 
("t > 6.6%s) 

Stopped muons  
("t < 6.6%s) 

Square points are tagged by inner veto 

Stopped muons  
("t < 6.6%s) 

Stopped muon contribution expected to 
be suppressed at low energies due to 
Bragg peak 

C. Mariani, Columbia University!BNL, Particle Seminar!
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Rate Estimation 

Stopped muons  
("t < 6.6%s) 

Stopped muon contribution expected to 
be suppressed at low energies due to 
Bragg peak 

Flat fast neutron background 
hypothesis used to extrapolate rate to 
low energies 

•! Uncertainty taken from the rate of 
stopping muons above 12 MeV 

•! Shape uncertainty from measured µµ-
tagged spectrum 

•! Corrected by ratio of tagged fast 
neutrons in low energy [0.7, 12 MeV] 
and high energy [12, 30 MeV] window 

Rate: 0.7 +/- 0.5 d-1 
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Light Noise: a surprise … 
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Day
0 20 40 60 80 100 120 140

)
-1

N
eu

tr
in

o 
R

at
e 

(d
ay

0

20

40

60

80

 rateExpected 

 rateMeasured 

  

Double Chooz preliminary

Type     #Evts   Rate/Day   &/Day    
- Neutrino Candidates   4121   42.6    0.7 

  
- Expected Accidentals  31.60   0.32    0.06   
- Expected 9Li    227.3   2.3    1.2   
- Expected Fast-n   69.2   0.7    0.5   

EEvveennttss  SSuummmmaarryy  
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Both Reactors Off! 
2+1 Candidates Found in ~24 hours 

A Unique Opportunity to validate our background estimates! 

C. Mariani, Columbia University!BNL, Particle Seminar!
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Prompt Energy: 26.5 MeV 
"t: 2.2 %s 
"t% (523 MeV): 206 ms 

Prompt Energy: 4.8 MeV 
"t: 26 %s 
"t% (627 MeV): 241 ms 

Prompt Energy: 9.8 MeV 
"t: 4.1 %s 
"t% (739 MeV): 201 ms 

9Li? 9Li? Stopped %? 

Bkg Verification: ~24 hrs Both Reactors Off 

BNL, Particle Seminar! C. Mariani, Columbia University!



Far Detector Only Analysis 

•! Predicted Neutrino Rate 
•! Reactor systematics 

•! Event selection 
•! Detector systematics 
•! Background estimation 
•! Oscillation results 
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Statistics:   1.6% 
 
Reactor:   1.74% 
 
Detector:   1.1% 
 
Backgrounds:  3.1% 

SSuummmmaarryy  ooff   aallll  tthhee  ssyysstteemmaattiiccss  
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SSuummmmaarryy  ooff   eevveennttss  ppeerr  ddaayy  



Oscillation Analysis 

76!C. Mariani, Columbia University!BNL, Particle Seminar!



77!

Back of the envelope calculation 

C. Mariani, Columbia University!BNL, Particle Seminar!

sin2 2!13( ) =
1! Nobs

Npred

"

#
$$

%

&
''

1! 0.54
( 0.096± 0.074

!! Data (Neutrino Candidates) : 4121  (bkg = 328) 
!! MC (Expected Signal) : 5339 

!! Neutrinosobs = (4121 – 328) = 3793    
!! Neutrinospred = 5339 x 0.743 = 3967 
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Oscillation Fit strategy 

C. Mariani, Columbia University!BNL, Particle Seminar!

Used Blind Analysis (reactor prediction not known better than 10% until the selection 
cuts were frozen. 
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Rate + Shape Fit:             
 
Rate Only Fit:                      
 

Fit Results 

sin2 2!13 = 0.085± 0.041(stat.)± 0.030(syst.)

sin2 2!13 = 0.093± 0.079

C. Mariani, Columbia University!BNL, Particle Seminar!

FFrreeqquueennttiisstt  aapppprrooaacchh::  NNuullll  OOsscciillllaattiioonn  PPrroobb  ==  77..44%%  



Rate vs Rate+Shape 
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Rate + Shape: 

•! constraints background due to Fast Neutron and Li9 and reactor flux 

•! big improvement still possible due to large statistical error 

•! Energy Scale playing a role (positron spectrum) 

Rate:  

•! Simpler and Faster, can be easily calculated 
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Global DC + T2K Analysis 

C. Mariani, Columbia University!BNL, Particle Seminar!



!!  DDoouubbllee  CChhoooozz  iiss  rruunnnniinngg  aass  ddeessiiggnneedd  ((33  mmoonntthhss  ooff   ddaattaa  bbeetttteerr  tthhaann  
CChhoooozz  lliimmiitt))    

!!  RReeppoorrtt  ooff   AAnnaallyyssiiss  ooff   33  mmoonntthhss  ooff   ddaattaa..  HHiinntt  ffoorr  ppoossiittiivvee  vvaalluuee  ooff   1133  

  

!!  TThhee  nneeaarr  ddeetteeccttoorr  wwiillll  bbee  ooppeerraattiioonnaall  bbyy  eeaarrllyy  22001133  

!!  GGrreeaatt  pprroossppeecctt  ttoowwaarrddss  tthhee  mmoosstt  pprreecciissee  mmeeaassuurreemmeenntt  1133  wwiitthh  22  
nnuucclleeaarr  ccoorreess      

!!  SSiimmppllee  ssiittee  ccoonnffiigguurraattiioonn..  RReeaaccttoorr  OOffff--OOffff   ppeerriiooddss  ffoorr  iinn--ssiittuu  bbkkgg  
mmeeaassuurreemmeenntt  

!!  CCoommpprreehheennssiivvee  sseett  ooff   CCaalliibbrraattiioonn  SSyysstteemmss  

Conclusion 

82!

sin2 (2!13) = 0.085± 0.041(stat.)± 0.030(syst.)
No!Oscillation Excluded  at  92.6% CL

C. Mariani, Columbia University!BNL, Particle Seminar!
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Stay tuned, near detector is 
coming … 

Double Chooz near detector lab excavation 
C. Mariani, Columbia University!BNL, Particle Seminar!



Backup 
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Spectral Uncertainty 
Independent sample of stopping muons and fast neutrons obtained by inner 
veto tag.  Spectral uncertainty taken from difference of measured spectrum 
and flat background hypothesis 

C. Mariani, Columbia University!BNL, Particle Seminar!
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Backup: Null Oscillation 

C. Mariani, Columbia University!BNL, Particle Seminar!
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90!

R.)).-#!,*+()!*)!*!/&#$0-#!-/!01(L!

+BAAB&D('#%"A(
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From A. Onillon 

!"#$%&'($&'"(AB=43#C&D(A%'#%"GM(
S!Use of 2 validated reactor codes widely used worlwide and already 
used for PWR simulations : deterministic (DRAGON) and Monte-Carlo 
Code (MCNP Utility for Reactor Evolution) 

 
! Validation of simulations and discrepancies assessment: DRAGON 
and MURE benchmark + benchmark containing measured inventories : 
              ! rod, assembly scale: Takahama benchmark 
          

 
! Development of the full core simulation, following the core history: 
         ! main advantage = knowledge and control of inputs, compute fission rates at any time 
following the core history corresponding to the data taken, even with sudden changes in the 
power history 
    ! 2 codes: full reactor simulation with MURE, important fast x-checks with 
DRAGON@assembly level  
 
 

=> C. Jones et al. arxiv.org/pdf/1109.5379 : good 
agreement & code and use validation 

2T!U!%-+!-/!.#D&+!#(('('!!?O(-1(+,.$*%!D*,*1(+(,)7!1*+(,.*%!V!/&(%!$-1D-).0-#7!D-J(,!V!P-,-#!$-#$(#+,*0-#!F.)+-,@!WHL!
D,-A.'('!P@!X9R!
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`"DABCPB%M(A%4EB"A(F&'('"#$%&'(AMA%"=#C$A(

,! In order to compute the covariance matrix Vij
F associated to the fission rates, as a function 

of burnup: 

!! All the quoted errors are computed numerically by varying one parameter at 
a time over a large range of values in the assembly simulation (with MURE). 

!! The relationship between the fission rates as a function of these variations is 
then deduced by fitting the simulation results. 

!! Determination of the correlation matrix through core fission rate fits 

! Sensitivity studies to compute the uncertainties on the predicted fission rates: 

C. Mariani, Columbia University!BNL, Particle Seminar!
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+BAAB&D('#%"A(

R.)).-#!,*+()!J.+F!(,,-,!P*,)!*)!*!/&#$0-#!-/!01(L!
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a'"#<E&LD(&F('"#$%&'(AMA%"=#C$A(

;648&!

;YZ[!

;Y3[!

;Y\8&!
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`"DABCPB%M(A%4EB"A(F&'('"#$%&'(AMA%"=#C$A(

,! In order to compute the covariance matrix Vij
F associated to the fission rates, as a function 

of burnup 

! fi
2 =!CB

2 +!Wth

2 +! Tfuel
2 +! Twater

2 +! density
2 +! code

2 +! nuclear data
2 +! ei

2 +! geom
2

VK"(EB#G&D#3(%"'=A(#'"(GBP"D(OMb(

CB: boron concentration 
Wth: thermal power 
Temperature, Density: water and fuel temperatures and densities 
Code: systematics arising from the computational method (M-C vs deterministic)  
Nuclear database choice 
ei: energy released per fission  
Geom: error arising from geometrical approx. (including dimensions, fuel enrichment, geometrical simplifications, 
initial inventories) 

!! All the quoted errors are computed numerically by varying one parameter at a time over a 
large range of values in the assembly simulation (with MURE). 

!! The relationship between the fission rates as a function of these variations is then deduced 
by fitting the simulation results. 

!! Determination of the correlation matrix through core fission rate fits 

C. Mariani, Columbia University!BNL, Particle Seminar!



96!

](*$+-,!).1&%*0-#!)+,*+(O@!^!EF-.$(!-/!$-,(!.#D&+!D*,*1(+(,)!

U(,D"'GM(N"'(cAAB&Db(_-D(.#`.#a)(2#3A&(%"A%"E(F&'(AMA%"=#C$A(b(,J+0d!,X(,J+*!We@)6(
U(Y'&AAUA"$C&D(E#%#O#A"Ab(bXRRY54!!(2#3A&(%"A%"E(F&'(AMA%"=#C$A(b(,)*+aT:ZX(#DE(f,)*78:8(BD(V#<#K#=#6(

U(g#%"'(E"DAB%ML!!<5c\=!Od$1Y!2*"DAB%M(4A"E(OM(,*+(F&'(,J!(AB=43#C&D6(

h(eD($.f$!M[]X!D*,*1(+(,)!L!

i(W%("#$K(0Y)J('4D(b(8SS(SSS(D"4%'&DAQO#%$KX(98S(O#%$K((
!!?J.+F!4;!$D&!L!gYF!#(('('!/-,!(*$F!MEh8!)+(DH!!

Rj(i#(!$--%.#O!DF*)(!*''('!P(/-,(!+F(!)+*,+!-/!).1&%*0-#L! 2BD(&'E"'(%&(%#<"(BD%&(#$$&4D%(%K"(P#'B#C&DA(&F(%K"(D"4%'&D(
#OA&'OBDG(D4$3"B(E4'BDG(%K"('"F4"33BDG(&F(%K"($&'"(b(k=N#$%(&D(%K"(D"4%'&D("D"'GM(AN"$%'4=(#%(%K"(A%#'%(&F(%K"($&'"(#DE(&D(
%K"(cAAB&D('#%"(EBA%'BO4C&DA(6(

U(a9(b(8S9SUS;USI(S9b;8bSS(Uj(8S9SUSZU8T(8Sb8SbSS(28TH/(K&4'A6((
U(a8(b(8S9SU9SUS8(S9b9SbSS(Uj(8S9SU99U9;(9HbSSbSS(29ST\(K&4'A6((

h(:(#(,*%!D*,*1(+(,)!L!

U(VB="(A%"NA(b(63F!I!;6Fd4;F!LK"D(A%'&DG(P#'B#C&DA(&F(%K"(N&L"'(

i(043CG'&4N(&NC&D(LB%K(9\ISSS("D"'GM(OBDA(2(l$3#AAB$#3(l(=43CG'&4N(&NC&Db(9\ISS(OBDA6(

2T!U,-&#'!g;Z<!01()!)+(D)!+-!).1&%*+(!-#(!$-1D%(+(!$-,(!$@$%(!?g=<<FH!!

\Q9;(C. Mariani, Columbia University!BNL, Particle Seminar!



97!C. Mariani, Columbia University!BNL, Particle Seminar!



98!

Stability 
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